Abstract Case-control studies comparing ADHD with typically developing individuals suggest that anatomical asymmetry of the caudate nucleus is a marker of attention deficit hyperactivity disorder (ADHD). However, there is no consensus on whether the asymmetry favors the right or left caudate nucleus in ADHD, or whether the asymmetry is increased or decreased in ADHD. The current study aimed to clarify this relationship by applying a dimensional approach to assessing ADHD symptoms that, instead of relying on clinical classification, utilizes the natural behavioral continuum of traits related to ADHD. Structural T1-weighted MRI was collected from 71 adults between 18 and 35 years and analyzed for caudate asymmetry. ADHDlike attentional symptoms were assessed with an objective measure of attentional problems, the ADHD score from the Test of Variables of Attention (TOVA). Impulsivity, a core feature in ADHD, was measured using the Barratt Impulsiveness Scale, a self-report measure that assesses attentional, non-planning, and motor features of impulsivity. We found that larger right relative to left caudate volumes correlated with both higher attentional impulsiveness and worse ADHD scores on the TOVA. Higher attentional impulsiveness also correlated with worse ADHD scores, establishing coherence between the objective measure and the self-report measure of attentional problems. These results suggest that a differential passage of information through frontal-striatal networks may produce instability leading to attentional problems. The findings also demonstrate the utility of a dimensional approach to understanding structural correlates of ADHD symptoms.
Introduction
Problems with attention and impulsivity are major hindrances to academic and occupational success. When severe enough to cause impairment, such problems often lead to a diagnosis of attention deficit hyperactivity disorder (ADHD), which is one of the most commonly diagnosed mental disorders arising in childhood in the United States (Froehlich et al. 2007) . With a few exceptions (Schrimsher et al. 2002; Shaw et al. 2011; Ducharme et al. 2012) , attempts to understand the neural substrates of attentional deficits have focused on case-control designs contrasting typically developing individuals and patients who meet DSM criteria for ADHD. However, because of the complexity and heterogeneous nature of ADHD, such studies are not necessarily ideal for identifying and teasing apart specific brain-behavior correlates. The problems associated with such case-control designs have featured heavily in recent calls for studies examining relations between brain circuits and specific symptom dimensions. This trend is reflected in the Research Domain Criteria Initiative sponsored by the National Institute of Mental Health (Insel et al. 2010) .
In the present study, we sought to examine the relation of two specific symptom dimensions of ADHD to a particular biological variable that has previously been suggested to be related to ADHD. Of the several possible neural markers of ADHD (Shaw and Rabin 2009; Cortese and Castellanos 2012) , we focused here on the level of asymmetry in the volume of the caudate nucleus because the caudate nucleus is one of the most consistently identified areas in structural and functional case-control studies that contrast children with ADHD and typically developing children (Schneider et al. 2006; Cubillo et al. 2012) . Previous studies have shown that patients with caudate nucleus dysfunction and animals with caudate nucleus lesions are impaired at tasks assessing attention processes (Cools et al. 2001b; Crofts et al. 2001) , and neuroimaging studies using these attention demanding tasks commonly demonstrate activation in the caudate nucleus (Simon et al. 2002; Sylvester et al. 2003; Monchi et al. 2006) . Although caudate asymmetry differences have been identified repeatedly as a possible signature of ADHD, consensus on the nature of this asymmetry remains elusive. A few studies have reported that children with ADHD have a larger right caudate relative to the left caudate, but others have observed the opposite pattern (Hynd et al. 1993; Pueyo et al. 2000; Semrud-Clikeman et al. 2000; Uhlikova et al. 2007) . Furthermore, there is no consensus on whether ADHD is associated with increased or decreased asymmetry relative to control samples (Castellanos et al. 1996 (Castellanos et al. , 2002 Filipek et al. 1997; Uhlikova et al. 2007) .
While the source of the above discrepancies is unclear, we wondered if an examination of narrower symptom domains would help clarify the relation between caudate asymmetry and ADHD-relevant symptoms. We also wondered whether treatment of these variables as continuous dimensions rather than binary categorical diagnostic features would prove useful. ADHD symptoms are arguably dimensional phenomena spanning the range from normal to abnormal. Reducing a continuous variable to a binary present-absent classification, as is typically done in ADHD diagnosis, may hinder both our understanding of ADHD phenomena and their relationship to brain structure. Indeed, the arbitrary nature of cutoff points has long been a concern when considering differential rates of ADHD diagnosis (Brown et al. 2001; Froehlich et al. 2007 ).
The present study examined the relationship between caudate asymmetry and ADHD features using both an objective measure of attentional problems and a self-report measure of the individual's perception of impulsivity and attentional symptoms. For an objective measure of ADHDlike attentional problems, we used the Test of Variables of Attention (TOVA), a computerized task that is sensitive to dysfunction of attention and is commonly used in clinical settings to aid diagnosis of ADHD (Leark et al. 2008) . The Barratt Impulsiveness Scale (BIS-11) served as the selfreport measure (Patton et al. 1995) . We chose the BIS-11 as it taps components of impulsivity that appear as core features of ADHD (Newcorn et al. 2001) , including problems in attentional control (attentional impulsivity), nonplanning, and motor impulsiveness. Inclusion of both measures allowed us to test the coherence between the objective measure and the self-report questionnaire and to increase confidence in our findings if both measures showed similarities in the relationship between caudate asymmetry and ADHD-like problems. All measures were analyzed as continuous variables to determine whether the level of caudate asymmetry was linearly related to ADHDbehavioral continuum. Rather than using clinical definitions to guide brain-behavior investigations, our approach seeks to understand the neurobiological substrates underlying ADHD-relevant dimensions. In the present study, we focused on a young adult population to minimize the effects of delayed developmental trajectories on caudate volumes in ADHD populations (Castellanos et al. 2002; Nakao et al. 2011) , and we limited the study to individuals with no history of psychostimulant treatment given evidence that psychostimulants can increase caudate volume (Nakao et al. 2011 ).
Methods

Subjects
Seventy-one subjects between 18 and 35 years (mean age: 21.7 ± 2.9 years, 35 females, 4 left-handed) were included in this study. Subjects were recruited as part of two related studies with overlapping measures. Forty-seven of the subjects came from a study with an age range of 18-35, while the remaining subjects came from a study with a narrower age range of 18-25. Subjects were excluded if they reported any history of psychiatric illness on screening interview (a Structural Interview for Clinical DSM-IV Diagnosis was available for almost all subjects and confirmed no history of major Axis I disorders) (First et al. 1997) , any history of head trauma, any significant medical condition, or any condition that would interfere with MRI (e.g., extreme obesity, claustrophobia, cochlear implant, metal fragments in eyes, cardiac pacemaker, neural stimulator, pregnancy, anemia, and metallic body inclusions or other metal implanted in the body which may interfere with MRI scanning). Subjects were also excluded if they reported a history of substance abuse, current tobacco use, alcohol consumption greater than 8 oz of whiskey or equivalent per week, use of psychostimulants (excluding caffeine) more than twice at any time in their life or not at all in the past 6 months, or any psychotropic medication in the last 6 months other than occasional use of benzodiazepines for sleep. Any illicit drug use in the last 2 months was the ground for exclusion, even in subjects who did not otherwise meet criteria for substance abuse. Urine drug tests were available during the screening for the majority of subjects, with any positive tests for the presence of amphetamines, cocaine, marijuana, PCP, opiates, benzodiazepines, or barbiturates reflecting grounds for exclusion. Written informed consent was obtained from all subjects. This study was approved by the Institutional Review Board at Vanderbilt University and performed in accordance with the ethical standards laid down in the 1,964 Declaration of Helsinki and its later amendments.
Schedule of procedures
Subjects completed the TOVA prior to completing either the BIS-11 or the MRI. The MRI was scheduled approximately 2 weeks after the TOVA session. The BIS-11 was completed during a separate session, whenever possible during the 2 weeks separating the TOVA session and the scheduled MRI, but in some cases it was completed following the MRI.
Test of Variables of Attention (TOVA)
The TOVA by The TOVA Company is a computerized test of attention often used to aid clinical diagnosis of attention disorders. The TOVA consists of two test conditions: the target infrequent condition, which assesses the ability to maintain attention during a repetitive task; and the target frequent condition, which measures the ability to inhibit responses. In both conditions, subjects are asked to respond to each target, with each failure to respond to a target recorded as an error of omission, and each response to nontargets recorded as an error of commission. In the target infrequent condition, 1 geometric target appears for every 3.5 geometric non-targets; while in the target frequent condition, 3.5 targets were presented for every 1 nontarget. This frequency manipulation leads to differential rates of errors of omission and commission. The TOVA ADHD score was developed by determining which combination of elements from the tests was most predictive in discriminating between diagnosed individuals with ADHD and a large sample of healthy controls. The TOVA's ADHD score indicates how similar the subject's performance is to the performance profile of an ADHD sample. The formula for the ADHD score is mean response time Z-score on the target infrequent condition ? D 0 Z-score on the target frequent condition ? response time variability Z-score on both conditions. A more negative ADHD Score indicates performance closer to the profile of a diagnosed ADHD sample (Leark et al. 2008 ).
Barratt impulsiveness scale (BIS-11)
The Barratt Impulsiveness Scale measures three forms of impulsiveness: attentional, non-planning, and motor. Attentional impulsiveness combines questions on attention (e.g., ''I don't 'pay attention'') and cognitive instability (e.g., ''I have 'racing' thoughts''). Non-planning impulsiveness is a measure of self-control (e.g., 'I say things without thinking') and cognitive complexity (e.g., 'I get easily bored when solving thought problems'). Motor impulsiveness is a composite measure of motor (e.g., 'I do things without thinking') and perseverance (e.g., 'I change jobs') (Patton et al. 1995) . A paper and pencil measure was used with the first recruitment sample (n = 47), while the remaining 24 subjects completed an online version of the scale through REDCap (project-redcap.org), which is a secure, web-based application designed exclusively to collect data for research studies. REDCap was initiated at Vanderbilt University and is now utilized by more than 70 institutional partners. No significant differences emerged in terms of scores between the paper and pencil and online versions of the scale.
MRI scanning
All MRI scans were performed on two identically configured 3 Tesla Phillips Achieva scanners located at the Vanderbilt University Institute for Imaging Science. T1-weighted high-resolution 3D anatomical scans were obtained for each participant (FOV 256 9 256, 1 9 1 9 1 mm resolution). Additionally, fast spin echo axial spin density-weighted (TE = 19, TR = 5,000, 3 mm thick) and T2-weighted (TE = 106, TR = 5,000, 3 mm thick) scans were obtained to identify subjects for exclusion due to structural abnormalities.
Caudate nucleus segmentation
The caudate nucleus was defined using FMRIB's Integrated Registration and Segmentation Tool (FIRST) implemented in FSL. FIRST automatically segments the subcortex using Bayesian models constructed from prior manually segmented images (Patenaude et al. 2011) . caudate (Dang et al. 2012 ). All but two subjects (19-yearold male, 24-year-old female) passed the visual check. Attempts to correct the two segmentations using existing algorithmic procedures were not successful. These subjects were consequentially excluded from the analysis. Caudate volumes were calculated for the left and right caudate separately. Caudate asymmetry was assessed as the ratio of right to left caudate volumes. We note that this ratio is independent of total brain volumes because the division of right caudate volume/total brain volume by left caudate volume/total brain volume is mathematically equal to right caudate volume/left caudate volume. The majority of the volume of the caudate lies in the head of the caudate rather than its tail, with the volume anterior of the anterior commissure comprising about 80 % of the measured volume. To confirm that the results of analyses were related to the anterior aspects of the caudate, in post-hoc analyses we limited the caudate ratio calculation to only the volume anterior to the anterior commissure. These post-hoc analyses produced near identical results as analyses using the whole caudate volume ratio, indicating that the results could be accounted for by anterior sections of the caudate that receive projections from lateral prefrontal and premotor cortices.
Statistical analyses
Multiple regressions were performed using R (Team 2011) to examine the relation between caudate asymmetry and ADHD score or BIS-11 scores. Age, gender, and handedness were included as covariates in all analyses and adjusted for in all graphs presented here.
Results
ADHD score and caudate asymmetry
The TOVA ADHD score can range from -6 to 6, with scores of -1.8 or lower indicating statistically significant evidence of attentional problems suggestive of ADHD. In the present sample, scores ranged from -6 to ?6, with a mean ± SD of 0.30 ± 2.7. Although the present sample was generally high functioning with no reported history of ADHD diagnosis, 20 % of subjects had scores below -1.8. The ratio of asymmetry was expressed so that scores greater than 1.0 reflected greater right caudate volume and scores less than one reflecting greater left caudate volume. The sample showed a mean asymmetry score of 1.01 ± 0.8. 17 % of the sample showed a 5 % or greater left than right caudate volume, 35 % showed a 5 % or greater right than left caudate volume, while the remaining subjects showed minimal differences.
Analysis of the relationship between caudate asymmetry and ADHD score revealed a significant inverse correlation between the two measures, with larger right relative to left caudate volumes associated with worse attentional performance (more negative ADHD score), r = -0.27, p = 0.03 (Fig. 2) .
Barratt impulsiveness scale and caudate asymmetry
Means and standard deviations on the BIS-11 were 15.7 ± 4.3 for attentional impulsiveness, 21.9 ± 4.2 for non-planning impulsiveness, and 23.2 ± 4.8 for motor impulsiveness.
Larger right relative to left caudate volume correlated with higher attentional impulsiveness, r = 0.34, p = 0.004, the composite measure of cognitive instability and attention. Cognitive instability is assessed with questions about racing thoughts and thought insertions. The attention component includes questions about the ability to focus on the task at hand. Caudate asymmetry correlated with both cognitive instability and attention, but the correlation was particularly strong for cognitive instability, r = 0.40, p = 0.0009, relative to the attention component, r = 0.23, p = 0.06 (Fig. 3) . No significant relationship was observed between caudate asymmetry and non-planning, r = 0.06, p = 0.63, or motor, r = 0.19, p = 0.12, impulsiveness.
In post-hoc analyses, we also examined whether the volume of the right caudate or left caudate (corrected for total intracranial volume) was independently related to the TOVA scores or BIS-11 scores. Neither left nor right caudate volume correlated with the ADHD score, r = 0.09, p = 0.45 and r = -0.07, p = 0.58, respectively. We also did not observe significant relationships between the left or right caudate with non-planning or motor impulsiveness. Right but not left caudate volume correlated positively with attentional impulsiveness, r = 0.26, p = 0.03. However, this correlation should be interpreted with caution given the number of post-hoc correlations performed.
Barratt impulsiveness scale and ADHD score ADHD Score correlated with all three forms of impulsiveness: attentional, r = -0.33, p = 0.005, non-planning, r = -0.37, p = 0.002, and motor, r = -0.30, p = 0.012, (Fig. 4) . Both components of attentional impulsiveness were similarly correlated with ADHD Score: cognitive instability, r = -0.29, p = 0.02, and attention, r = -0.29, p = 0.02.
Gender
Males had more negative ADHD score, t 67 = -2.62, p = 0.011, and a trend for higher attentional impulsiveness, t 67 = 1.77, p = 0.081. There was no effect of gender on caudate asymmetry, t 67 = -1.12, p = 0.265. Interaction analysis with gender as a factor revealed that the relationship between caudate asymmetry and attentional impulsiveness was modestly stronger for males but the correlation did not reach statistical significance, r = 0.20, p = 0.091. There was no significant interaction between gender and caudate asymmetry on the ADHD score, r = -0.04, p = 0.751.
Mediation analyses
The results above show a three-way relationship between caudate asymmetry, ADHD score, and attentional impulsiveness. To test whether the relationship between caudate asymmetry and ADHD score is explained by variance in the self-report measure of attentional impulsiveness, we performed separate mediation analyses with ADHD score and attentional impulsiveness as the dependent measure. With attentional impulsiveness as the dependent measure, its relationship to caudate asymmetry remained significant after controlling ADHD score, indicating that its relation with caudate asymmetry was not mediated by its relation to the ADHD score. By contrast, when ADHD score served as the dependent measure, the relationship between caudate asymmetry and ADHD score was no longer significant after controlling its relationship with attentional impulsivity (Fig. 5) . This indicates that the relationship between caudate asymmetry and ADHD-like attentional problems was significantly mediated by attentional impulsivity.
Discussion
We found that asymmetry in the volume of the caudate significantly predicted ADHD-like attentional deficits and attentional impulsiveness in a sample of young adults. Specifically, larger right relative to left caudate volume correlated with higher self-reported attentional impulsiveness and showed a similar relation to attentional problems indexed with the TOVA ADHD score. Although not statistically significant, the relationship between caudate asymmetry and attentional impulsiveness was slightly a The correlation between caudate asymmetry and attentional impulsiveness remained significant after controlling for ADHD score. b The correlation between caudate asymmetry and ADHD score was no longer significant after controlling for attentional impulsiveness stronger for males, possibly reflecting the higher prevalence of attention deficits in males (Cuffe et al. 2005 ). Higher self-reported attentional impulsiveness also correlated with worse ADHD scores. This finding establishes coherence between a self-report measure and an objective measure of attention that is often used to aid clinical diagnosis of ADHD, providing additional validation for both measures.
The present study highlights the value of a dimensional approach to examining ADHD-relevant symptom domains. By not categorically dividing subjects into ADHD and non-ADHD groups, we were able to examine linear effects of caudate asymmetry on specific features of the natural behavioral continuum of ADHD-relevant domains to further understand brain-behavior relationships without the constraint of clinical classification. Other researchers in the field have also adopted this approach in more recent investigations of relations between ADHD symptoms and brain structures (Shaw et al. 2011; Ducharme et al. 2012) . The observed association of caudate asymmetry with attentional problems converges remarkably well with one of the few prior studies to explicitly report on caudate volumetric asymmetry and dimensional measures of ADHD. Schrimsher et al. (2002) reported that the degree of right relative to left caudate volume selectively predicted parent ratings of inattentive behaviors in a nonreferred sample of children. However, to our knowledge, the present study is the first study to show this relationship between caudate asymmetry and an objective measure of ADHDlike attentional deficits. Given that the TOVA is often used in clinical settings to aid diagnosis of ADHD and to track the effect of treatment, this finding has significant translational potential.
Studies with cognitive probes have previously revealed a critical role for the caudate nucleus in attention processing (Cools et al. 2001a; Crofts et al. 2001) . The caudate nucleus is thought to influence attention through its membership in a key fronto-striatal circuit. The caudate nucleus receives direct projections from the prefrontal cortex, modulates the signal it receives, and sends its output back to the prefrontal cortex through the pallidum and thalamus (Alexander et al. 1990 ). Imaging data from ADHD children and typically developing children reveal significant anatomical and functional differences in this fronto-striatal network (Cubillo et al. 2012) , with declines in the microstructural integrity of fronto-caudate white matter tracts associated with ADHD (Wu et al. 2012) .
Caudate asymmetry could affect attentional processing in two ways. Some authors have proposed that caudate asymmetry may reflect general asymmetric dysfunction in ADHD (Stefanatos and Wasserstein 2001) . In other words, besides the caudate, other structures in the cortex would also be unilaterally affected in ADHD (Heilman et al. 1991; Carter et al. 1995) . Support for this hypothesis comes from observations that individuals with ADHD show abnormal activity in one hemisphere but not the other during different tasks that are sensitive to ADHD (Pliszka et al. 2000; Gumenyuk et al. 2005) . For example, compared to control participants, individuals with ADHD showed reduced ERP activity in the right hemisphere on a task assessing response inhibition (Pliszka et al. 2000) and reduced activity in the left hemisphere on an involuntary attention task (Gumenyuk et al. 2005) . Within a dimensional model and a relatively healthy sample, the term ''dysfunction'' or ''abnormality'' risks over-pathologization of the neural findings. Nevertheless, caudate asymmetry could reflect broader asymmetric structural and functional issues.
We propose a different, more functionally specific interpretation of the effect of caudate asymmetry that centers on the function of the caudate nucleus within the fronto-striatal circuit. The caudate, as part of the basal ganglia, is thought to perform a gating function, filtering signals coming into the cortex and updating current cortical representations (Cools and Robbins 2004; Marklund et al. 2009 ). Tractography of white matter tracts between the caudate nucleus and the cortex reveals that connections are predominantly ipsilateral (Leh et al. 2007) . Gray matter volume correlates with white matter volume (Zhang and Sejnowski 2000) , so a larger right caudate with more white matter connections to the right hemisphere may allow more signals to travel to the right hemisphere, which is dominant for attention, particularly stimulus-driven attention (Shulman et al. 2010) . Increased stimulus-driven signals reaching the right hemisphere may result in unnecessary updating of current cortical representations, leading to instability in attentional processing. Our finding that the cognitive instability component of attentional impulsiveness is particularly correlated with caudate asymmetry is intriguing in this context, as it includes specific items on having ''extraneous thoughts when thinking'' and racing thoughts.
Our mediation analyses suggest that the effect of caudate asymmetry on ADHD score is closely linked to features of attentional impulsivity. ADHD score correlated with all three forms of impulsiveness in the BIS-11: attentional, non-planning, and motor. However, caudate asymmetry only correlated with attentional impulsiveness. The correlation between caudate asymmetry and ADHD score was no longer significant when attentional impulsiveness was included as an independent variable in the model. These results together imply that the relationship between caudate asymmetry and ADHD score is secondary to the relationship between caudate asymmetry and attentional impulsiveness. This result is striking in that the TOVA ADHD score avoids the inherent biases of self-report data but in fact appears closely predicted by a selfreport measure, indicating that individuals are relatively accurate in assessing their deficits.
Several caveats are warranted in interpreting the present results. First and foremost, the extension of the present results to a disordered population is uncertain, as none of our subjects reported a prior diagnosis of ADHD and we did not perform further assessments to determine if any of the subjects met DSM-IV or DMS-V criteria for ADHD. Nevertheless, there were multiple subjects whose ADHD scores were in the clinical range. Future studies that use a dimensional approach for analysis but explicitly include individuals who meet clinical criteria would be valuable. Additionally, studies with younger subjects would be valuable given the developmental features of ADHD. These developmental features may be particularly critical, as the majority of case-control studies have assessed children. Whereas data in younger subjects have indicated caudate volume reductions (or right relative to left reductions) (Castellanos et al. 1996; Pliszka et al. 2006) , several studies have shown that relationships between ADHD features and brain structure are highly dynamic before adulthood (Castellanos et al. 2002; McAlonan et al. 2009; Nakao et al. 2011; Shaw et al. 2011; Ducharme et al. 2012) . Some of these studies reported that abnormalities in the caudate observed in children with ADHD disappeared with age, but it is unclear whether adults with abnormal caudate asymmetry reflect a subgroup of children whose caudate abnormalities fail to mature to the level of healthy controls or whose caudate maturation, once reaching the level of healthy controls, fails to pause and, as a result, overshoots the level found in healthy controls (Castellanos et al. 2002; Nakao et al. 2011) . It is notable in this regard that while reduced caudate volumes have been observed in multiple studies of pediatric ADHD (Filipek et al. 1997; Pliszka et al. 2006; Qiu et al. 2009 ), a meta-analysis of voxel-based morphometry studies observed significant increases in right, but not left striatal volume, with age in pediatric ADHD samples (Nakao et al. 2011 ). This would fit with both the direction of asymmetry observed in the present sample as well as the post-hoc observation that right caudate volume was positively associated with self-reported impulsivity. In addition to age-related changes in caudate structure, presentation of symptoms associated with ADHD also changes. Impulsivity, for example, has been found to decline with age (Steinberg et al. 2008) . These developmental changes may explain the current lack of consensus on the relation between caudate asymmetry and symptoms of ADHD, as most studies were performed in pediatric sample groups. Our focus on young adults in this study allowed us to examine the relationship between caudate asymmetry and attention processing in a more developmentally stable and homogenous age range. Longitudinal data on the relation between caudate asymmetry and attention measures from childhood to young adulthood will be essential if the present findings are to be extrapolated to a younger age range.
Another interesting follow-up to this study involves examining the neurochemistry underlying these effects of caudate asymmetry. The caudate nucleus is a major site for innervation from dopamine neurons in the midbrain (Bjorklund and Dunnett 2007) , and relationships between attention and the dopamine system are well documented (Monchi et al. 2006) . Studies using PET with dopamine receptor tracers show that gray matter density in the caudate positively correlates with dopamine receptor availability, and asymmetry in dopamine receptor availability correlates with individual differences in personality traits (Tomer et al. 2008; Woodward et al. 2009 ). Future studies investigating relationships between dopamine activity and caudate asymmetry would greatly enhance our understanding of attention and ADHD features.
